In this work we investigate the electronic properties of mercaptocarboxylic acids with several carbon chain lengths adsorbed on ZnO-(10-10) surfaces via density functional theory calculations using semi-local and hybrid exchange-correlation functionals.
Introduction
Hybrid nanostructures made of organic and inorganic materials are of great interest for applications in electronic and optoelectronics devices. ZnO is a semiconductor and a lowcost material with a wide band gap of 3.3 eV, high electron mobility, and high absorbance in the UV range .
1 Besides, ZnO can be synthesized in several nanostructure shapes. ZnO nanowires are of particular interest for electronic transport in one-dimension . 2 Because of the large surface-to-volume ratio of ZnO nanowires, their optical and electrical properties can be efficiently tailored by surface functionalization. On the other hand, zero dimensional semiconductor nanostructures such as colloidal quantum dots exhibit exceptional optical and electronic properties and photo-stability. These nanostructures have a size-dependent band gap which allows efficient absorption across the broad solar spectrum . [3] [4] [5] Recently it has been proposed that surface functionalization of ZnO nanowires using ligand-capped quantum dots lead to hybrid solar cells with high absorption in a wide spectral range .
6,7
In such hybrid systems, functional groups are attached on both quantum dot and nanowire surfaces.
Ab initio density-functional theory calculations of several small functional groups on ZnO (1010) surfaces have been pursued . [8] [9] [10] [11] [12] [13] In our previous work, we have shown that -SH groups form strong covalent bonds on ZnO (1010) surfaces with a monodentate adsorption mode . 12, 14 Indeed thiols have been investigated experimentally and found to bind strongly to ZnO non-polar surfaces. In particular, molecules with long CH 2 chains are observed to be stable .
15,16
In this paper we have investigated mercaptocarboxylic acids (MPA)-derived molecules SH − (CH 2 ) n − COOH, (n = 1,2,3,7) on ZnO (1010) surfaces. Monodentate adsorption mode is found to be stable and introduces intragap states which are responsible for changes in the electronic and optical properties of ZnO. Furthermore, adsorption modes and optical properties of the hybrid interfaces are not sensitive to the carbon chain length, which suggests that even small molecules can be used to stabilize and modify the ZnO surface properties.
Computational Details
The calculations were performed using density functional theory (DFT) as implemented in the Vienna ab initio simulation package (VASP) . 17, 18 The projected augmented wave method has been used. 19, 20 The atomic structures were optimized using the PBE functional . 21 To get better description of the electronic structure, the PBE0 hybrid functional 22 has been employed. This functional can reproduce reasonably well the ZnO band gap . 
Results
We have explored several geometries for the MPA molecules on the ZnO (1010) surfaces. The ground-state geometries for SH-(CH 2 ) n -COOH on ZnO are shown in Fig. 1 (a)-(d) for both monodentate and Fig. 1 (e)-(h) bidentate binding modes. These geometries were optimized at the PBE level, as explained in our previous calculations . 12, 14 The preferred adsorption mode is the monodentate mode with the molecule sitting at top sites. This mode is more stable against bridge and hollow positions. In both cases the MPA molecules adsorb in
Figure 1: Optimized structures with PBE for the (1010) ZnO surface functionalized with MPA with a monodentate binding mode a) SH-(CH 2 ) n , a) n= 1, b) n=2, c) n=3, d) n=7 and bidentate mode e) n= 1, f) n=2, g) n=3 and h) n=7. a dissociative manner. Table 1 shows the bond lengths between the sulphur atom of the molecule and the outermost zinc atom of the ZnO surface d Zn−S (Å),the relaxation of the zinc atom which is bonded to the sulphur atom relative to the zinc atoms of the ZnO surface ∆z, the energy difference ∆E between the monodentate and bidentate configurations and the adsorption energy of the MPA molecules E ads (eV) on the ZnO surface. The monodentate mode is the most stable configuration for all investigated carbon chain lengths, diminishing as the chain length increases. The molecules sit relatively upright on the surface. The Zn-S bond length and the buckling remains almost constant for all the structures, indicating that the interaction of the molecules with the surface is strong (around 1 eV), as it can be seen from the adsorption energies in Table 1 . In this work we have consider a low coverage regime. In our case we have investigated a coverage of 1 molecule/nm 2 , but densities up to 4.6 molecules/nm 2 have been reported. 16 Larger coverage values need to be investigated in order to see whether the monodentate mode remains stable against the bidentate mode. The total and projected density-of-states (PDOS) calculated at the PBE0 level are shown in Fig. 2 . The eigenvalues have been aligned according to the electrostatic potential of the vacuum region as described in Ref. 24 The zero of the energy is set at the highest occupied state of the bare ZnO (1010) surface shown in Fig. 2(a) as explained in our previous investigations Ref. 12, 14 For all functionalized structures, intra-gap states are found, as it can be seen in Figs. 2(b) -(e). These states are mainly localized on the sulphur atom and at the first -CH 2 group of the molecule. The difference between the state located at valence band maximum (VBM) and the occupied state inside the gap remains unchanged, confirming that the electronic structure of the hybrid system is dominated by the interaction between atoms close to the surface. In order to provide further information on charge localization, we have calculated the band decomposed partial charge density at the Γ point, as shown in Fig. 2 for SH − (CH 2 ) 3 − COOH and SH − (CH 2 in Supporting Information). This indicates that MPA molecules with -SH groups attached to the ZnO surface, the -CH 2 groups plays a minor role in the charge transfer process and consequently on the electronic structure of the system.
The presence of the intra-gap states raises the question whether these systems can be used to enhance or modify the optoelectronic properties of the ZnO non-polar surfaces.
Therefore we have calculated the dielectric function of the bare and functionalized surfaces in the IPA . 25 The ε ⊥ component shown in Fig. 3 (a) corresponds to the propagation of the electromagnetic field perpendicular to the surface while ε || in Fig. 3 (b) corresponds to the field being parallel to the surface. We find that in both cases the intra-gap states are optically active. Especially for ε ⊥ a peak around 2.3 eV is clearly visible for larger chains, stemming from transitions between the molecular state B and the ZnO conduction band. Additionally, the spectra reveal a shoulder at the low energetic side of the band-to-band transition, that corresponds to a transition between the state A and the ZnO conduction band. For smaller carbon chain lengths such as for n=2, only the latter is found. This is because the charge is less localized across the surface and extends to the functional group -COOH located at the upper end of the molecule. Therefore, depending on the intended charge localization one can choose the proper carbon chain length to be used.
The discussion above does not include the presence of excitonic effects. However, more accurate predictions of materials for optoelectronic applications requires the inclusion of the electron-hole pair, which can be achieved using theoretical methods at different approxi-mations, such as GW + Bethe-Salpether equation (BSE) or TD-DFT . 26 Previous theoretical investigations reported excitation energies for catechol and dopamine interactions with TiO 2 surfaces using TD-DFT . 27 Therefore, in addition to the PBE0 calculations for the dielectric function, we have performed TD-DFT calculations 26 so that occupied and empty one-electron states are calculated using the PBE0 functional. As discussed in Ref. , 26 this approach should lead to excitation spectra which are improved compared to the IPA-PBE0 approach and equivalent to the solution of the BSE equation. In this manner, excitonic effects can be captured to a certain extent. The dielectric function is then obtained by solving the Casida's equation . 28 Our results for the MPA with n = 3 are shown in Fig. 3 (a) for ε ⊥ and (b) for ε . Our results show that the inclusion of many-body effects in TD-PBE0
causes a red shift of the spectrum. Further experiments to validate our results are needed.
Also, it would be useful to have the absorption spectrum calculated with GW+BSE, but this is still prohibitive due to the high computational costs. Furthermore, we would like to point out that, even though the spectra are calculated here in the IPA, the inclusion of excitonic (ladder) effects is not expected to change the physical picture significantly, as the exciton binding energies between localized molecular states and delocalized conduction band states should be weak due to a small wave function overlap in the corresponding exchange Coulomb matrix elements. Hence, we believe that the absorption due to the presence of -SH groups states around 2.3 eV can be used either to enhance the efficiency of solar cells based on functionalized semiconductor surfaces. Usually, the nanowire growth direction is the [0001] with the non-polar surfaces exposed. Therefore, the field propagation would be most beneficial if it naturally happens along the nanowires surfaces.
Conclusions
We have investigated adsorption of MPA-derived molecules with several carbon chain lengths using semi-local and hybrid functionals. We have identified the monodentate adsorption mode as the most stable one and have further shown that electronic and optical properties of these hybrid system are not very sensitive to the chain length. The acceptor state located in the band gap is very localized on the molecular orbitals, mainly on the sulphur atom.
This indicates that even small molecules can be used to stabilize ZnO non-polar surfaces and tune their dielectric properties. Our results corroborate well with experimental findings which have suggested that this system is promising for optoelectronic applications.
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